Context. Thanks to the Venus Express Mission, new data on the properties of Venus could be obtained in particular concerning its rotation. Aims. In view of these upcoming results, the purpose of this paper is to determine and compare the major physical processes influencing the rotation of Venus, and more particularly the angular rotation rate. Methods. Applying models already used for the Earth, the effect of the triaxiality of a rigid Venus on its period of rotation are computed. Then the variations of Venus rotation caused by the elasticity, the atmosphere and the core of the planet are evaluated. Results. Although the largest irregularities of the rotation rate of the Earth at short time scales are caused by its atmosphere and elastic deformations, we show that the Venus ones are dominated by the tidal torque exerted by the Sun on its solid body. Indeed, as Venus has a slow rotation, these effects have a large amplitude of 2 minutes of time (mn). These variations of the rotation rate are larger than the one induced by atmospheric wind variations that can reach 25 − 50 seconds of time (s), depending on the simulation used. The variations due to the core effects which vary with its size between 3 and 20s are smaller. Compared to these effects, the influence of the elastic deformation cause by the zonal tidal potential is negligible. Conclusions. As the variations of the rotation of Venus reported here are of the order 3mn peak to peak, they should influence past, present and future observations providing further constraints on the planet internal structure and atmosphere.
Introduction
The study of the irregularities of the rotation of a planet provides astronomers and geophysicists with physical contraints on the models describing this planet and allows a better understanding of its global properties. Although Venus is the planet sharing the most similarities with the Earth in terms of size and density, some of its characteristics are poorly understood like its atmospheric winds and its superrotation. With its thick atmosphere, the determination of the period of rotation of Venus has been and still is a very challenging task. Today thanks to Venus Express (the first spacecraft orbiting Venus since the Magellan Mission in 1994) and Earth-based radar measurements, the period of rotation of Venus can be revised and its variations evaluated. So here for the first time a complete theoritical study of the variations of the rotation of Venus on a short time scale is presented as well as its implications concerning the observations. Many studies on the rotation of Venus have already been made. Several authors studied this rotation on a long time scale to understand why Venus spin is retrograde and why its spin axis has a small obliquity (Goldstein 1964; Carpenter 1964; Goldreich and Peale 1970; Lago and Cazenave 1979; Dobrovoskis 1980; Yoder 1995; Laskar 2001, 2003) , others studied the possible resonance between the Earth and Venus (Gold and Soter, 1979; Bills 2005; Bazsó et al., 2010) . But few studies have been made comparing the major physical processes influencing the rotation of Venus at short time scale. Karatekin et al. (2010) have shown that the variations of the rotation of Venus due to the atmosphere should be approximatively 10 seconds for the 117 days time span characterizing the planet's solar day, but they neglected the main effect of the impact of gravitational torques on the solid body of the planet. Here, applying different models already used for the Earth, the irregularities of the rotation of Venus are computed. After clarifying the link between the length of day (LOD) and the rotation rate of the planet, the effects of the triaxiality of a rigid Venus on its period of rotation are evaluated. This model is based on Kinoshita's theory (1977) and uses the Andoyer variables (Andoyer, 1923) . As Venus has a very slow rotation (-243.020 d) , these effects have a large amplitude (2 mn peak to peak) and could be observable as this is shown in Section 3.
As we know, the variation of the period of rotation of the Earth of the order of 0.6 milliseconds (ms) for the seasonal component, are principaly due to the tidal zonal potential, the atmosphere and the oceans (Munk and MacDonald, 1960; Lambeck, 1980; Barnes et al., 1983) . Hereafter quantifying the effect of the zonal component of the solar tides on Venus (Section 4), the effects of its atmosphere (Section 5) and the impact of its internal structure (Section 6) are presented.
To conclude, a comparison of the properties and amplitudes of these various processes is analysed (Section 7). Their observability and their implications concerning the properties of Venus are also discussed. We find that, on the opposite of what is often assumed in the literature, the atmosphere should not be the most important effect leading to variations of the rotation rate of Venus. Indeed, the tidal torque exerted by the Sun on the solid body of the planet should be larger by more than a factor of two.
Rotation rate and LOD definition
A day is defined as the time between two consecutive crossings of a reference meridian by a reference point or body. While these periods vary with respect to time, we can use their average values for the purpose. For the Earth, the solar day (24 h) and the sidereal day (23.56 h) are defined respectively when the Sun and a star are taken as reference. They are very close because the Earth's period of rotation is far smaller than its period of revolution around the Sun. By contrast, as Venus has a slow rotation, its solar and sideral days are quite different. Indeed, the canonical value taken for its rotational period (sideral day) is 243.02d (Konopliv et al, 1999) , whereas its solar day varies around 117d. In the following, to be consistent with the physical inputs in the global circulation model (GCM ) simulations, we will fix the value of the solar venusian day at 117d. There are mainly two methods to measure the rotation period, and its variations. The radar Doppler measurements give direct access to the instantaneous rotation rate ω(t) that we can translate in an instantaneous period of rotation LOD(t) by
Because we will be interested in variation around a mean value, we further define ∆ω(t) = ω(t)−ω and ∆LOD(t) = LOD(t) − LOD where LOD = 243.02d and ω = 2π LOD
. At first order ∆ω ω (t) = − ∆LOD LOD (t). Thanks to infrared images of the surface of the planet, we can also measure the longitude of a reference point φ 1 with respect to a given reference system at several epochs whereφ 1 = ω(t). As we will discuss in Section 7, as ω(t) has periodic variations, fitting φ 1 by a linear function could lead to a wrong estimation ofω.
Effect of the solid potential on the rotation rate
A first and simplified model to describe the variation of the rotation of Venus is to consider that the atmosphere, mantle and core of Venus are rotating as a unique solid body. This model enables us to use Kinoshita's theory (1977) with the Andoyer Variables (1923) as those describing the rotation of the Earth. The rotation of Venus is then described by three action variables (G, L, H) and their conjugate variables (g, l, h). G represents the amplitude of the angular momentum and L, H respectively its projections on the figure axis and on the inertial axis (axis of the reference plane) such as
where I and J correspond respectively to the angles between the angular momentum axis and the inertial axis and between the angular momentum axis and the figure axis. Here the figure axis and the inertial axis coincide respectively with the axis of the largest moment of inertia and the axis of the orbit of Venus at J2000.0. The angle J is yet unknown. As shown in appendix A, for plausible value of this angle, its impact on the rotation is weak with respect to the other effects taken into account in this article. For sake of clarity, J is set to 0 in the following. In this coordinate system, the Hamiltonian related to the rotational motion of Venus is (Cottereau and Souchay, 2009) :
F 0 is the Hamiltonian for the free rotational motion defined by
where A, B, C are the principal moments of inertia of Venus. E, E ′ are respectively the components related to the motion of the orbit of Venus which is caused by planetary perturbations (Kinoshita, 1977) and to the choice of the "departure point" as reference point (Cottereau and Souchay, 2009) . U is the disturbing potential of the Sun, considered as a point mass, and is given at first order by :
where G is the gravitational constant, M ′ is the mass of de Sun, r is the distance between its barycenter and the barycenter of Venus. α and δ are the planetocentric longitude and latitude of the Sun with respect to the mean equator of Venus and a meridian origin (not to be confused with the usual equatorial coordinates defined with respect to the Earth). The P m n are the classical Legendre functions given by:
The hamiltonian equations are :
As the components ω 1 and ω 2 of the rotation of Venus are supposed at first approximation to be negligible with respect to the component ω 3 along the figure axis, this yields :
and
Splitting ω into its mean value ω and a variation ∆ω, ω is given by :
Notice here that F 0 and E + E ′ do not contain g, so that the variations of the rotation of solid Venus are only caused by the tidal torque of the Sun included in the disturbing potential U . To make explicit the dependence on the variable g, we express U as a function of the longitude λ and the latitude β of the Sun with respect to the orbit of Venus at the date t with the transformations described by Kinoshita (1977) and based on the Jacobi polynomials such as :
where β is, by definition, equal to 0 in this case. The first component at the right hand-side of Eq.(12), does not depend on the variable g, so that this yields:
where GM ′ r 3 has been replaced by n 2 · a 3 r 3 , a and n being respectively the semi-major axis and the mean motion of Venus defined by the third Kepler law
Differentiating with respect to g in the Eq.(13), ∆ω is given by :
Notice that we can write l+g ≈ φ (Kinoshita, 1977) where φ is the angle between the axis which coincides with the smallest moment of inertia and a reference point arbitrarly chosen as the "departure point" on the orbit of Venus at the date t (Cottereau and Souchay, 2009 ). The position of this axis is given with respect to the origin meridian itself defined as the central peak in the crater Adriadne (Konopliv et al, 1999; Davies et al., 1992) . In fact φ is the angle of proper rotation of the planet (φ ≈ ω). In the following, φ will be used instead of l + g. To solve analytically Eq.(15), the developments of ( a r ) 3 sin 2φ and (
3 sin 2(λ − h ± φ) are needed as a function of time through the variables M and L S (respectively the mean anomaly and the mean longitude of Venus) taking the eccentricity as a small parameter (Kinoshita, 1977) . In a first approach, the orbit of Venus can be considered as circular (i.e : e=0, instead of : e=0.0068). This yields :
Notice that this equation is similar to the equation given by Woolard (1953) in his theory of the Earth rotation, using a different formalism based on classical Euler angles.
Venus
Period of revolution 224.70d (Simon et al., 1994 ) Obliquity 2
• .6358 (Cottereau and Souchay, 2009 ) Mean period of rotation -243.020d (Konopliv et al., 1999 ) Triaxiality :
-1.647941 10 −6 (Konopliv et al., 1999; Yoder, 1995) C MVR 2 V 0.33600 (Yoder, 1995) 
where 2L S −2φ, 2φ and 2L S +2φ correspond to the leading terms with respective periods 58 d, 121.80 d and 1490d. As the two last terms scale as the square of the obliquity, they are significantly smaller than the term with argument 2L S − 2φ (2.77 10 −6 ). As Venus has a very slow rotation which appears in the scaling factor 3 B−A 4C n 2 ω , the variations of the rotation rate due to the solid torque are larger than the Earth ones which correspond to amplitudes of rotation of Venus due to the solid torque exerted by the Sun during a four venusian days time span (468d). The orientation of the bulge of Venus at t = 0 is given with respect to the origin meridian. The mean orbital elements are given by Simon et al. (1994) . The choice of the time span will allow us to compare in the following the different effects which act on the rotation of Venus.
The physical meaning of the leading term with argument 2L S − 2φ can be understood using a simple toy model. Consider a coplanar and circular orbit. At quadrupolar order, the gravitational potential created by the planet in its equatorial plane is equal to the one created by three point masses, one located at the center of the planet and of mass M v − 2µ and two other ones symetrically located on the surface of the planet along the axis of smallest moment of inertia and of mass µ (see Fig.2 ) with µ = B−A 2R 2 V , R V being the planet mean radius. The torque exerted on the planet by the Sun can thus be computed using the forces exerted on these three points only. As shown in Fig.2 , the sign of the resulting torque depends on the quadrant of the x, y plane the Sun is located in, and thus changes four times during a solar day, whose the corresponding argument is 2L S − 2φ.
To evaluate the influence of the eccentricity of Venus on its rotation rate, we show in Fig.3 the residuals after substraction of ∆ω ω when the eccentricity is taken into account in the development of ( a r )
3 sin 2φ and ( a r ) 3 sin 2(λ − h ± φ) with respect to the simplified expression given by the Eq.(17). (17) by two orders and more important than the other coefficients with arguments 2φ and 2φ + 2L s .
From the relation ∆ω ω (t) = − ∆LOD LOD (t), the variations of the LOD(t) due to the torque of the Sun are 120 s (i.e 2 mn or 0.0014 d). The implication of these results will be discussed in the following (Section 7). Note that these variations are larger than the uncertainties on the period of rotation measurements of Venus given by Magellan, that is to say 243.0200 ± 0.0002d in Konopliv et al. (1999) , or 243.0185 ± 0.0001d in Davies et al. (1992) and close to the amount of their difference.
Effects of the elasticity on the rotation rate : deformation due to the zonal tidal potential
For the Earth, an important variation of the speed of rotation is due to the zonal potential which causes temporal variations of the moment of inertia C. In this section, these zonal effects are evaluated for Venus, considered as a deformable body. The zonal part of the potential exerted by the Sun on a point M at the surface of the planet is given by the classical formula
where δ and δ M represent respectively the planetocentric latitude of the Sun (the disturbing body) and of the point M and r the distance between the barycenter of the Sun and the Venus one. The corresponding bulge produced has a potential (Melchior, 1978) :
where k 2 and R V are respectively the Love number and the radius of the planet. Differentiating the potential produced by Venus at its surface (MacCullagh's formula), ∆V 2,V can be expressed as a function of the principal moments of inertia
where we take dA = dB as the deformation is purely zonal. By identification we obtain:
Because this deformation does not induce a change in the volume of the isodensity surfaces in the planet to first order, dI = 1 2 dC+dA = 1 2 ∆C+∆A = 0 ( see Melchior, 1978 , for a rigorous demonstration). The Euler's third equation is Cω = constant, to first order this yields
Thus the variations of the angular rate of rotation of Venus are given by :
where M V is the mass of Venus. Expressing sin 2 δ 1 as a function of I and λ where I, λ are given in Section 3 and represent the obliquity of Venus and the true longitude of the Sun, Eq. (22) becomes
Using the developments of ( a r ) 3 and ( a r ) 3 cos 2λ with respect to time from Cottereau and Souchay (2009) , Fig.4 shows the relative variation of the speed of rotation of Venus due to the zonal potential. The numerical values of k 2 = 0.295 ± 0.066 and the ratio C MVR 2 V = 0.3360 are taken respectively from Konopliv and Yoder (1996) and Yoder (1995) . The expressions found correspond to variations of the LOD(t) of 0.019s peak to peak which is very small with respect to the contributions studied in Section 3. So the zonal part of the potential on a non rigid Venus has a little influence on its very slow rotation, by contrast with the Earth for which these variations with annual and semi-annual component are not negligible (of the order of 10 −3 s) with respect to the 1 d rotation (Yoder et al., 1981; Souchay and Folgueira, 1998) . Note that the semi-annual components are particularly small for Venus because its eccentricity and obliquity are much smaller than their respective value for the Earth. 
Atmospheric effects on the rotation of Venus
As Venus has a denser atmosphere than the Earth, and as we know presently that the Earth atmosphere acts on its rotation in a significant manner (Lambeck, 1980) , it will be interesting to study the corresponding effects on Venus. In this section, the core and the mantle of Venus are supposed to be rigidly coupled and its atmosphere rotates at a different rate. The variations of the speed of rotation of Venus due to its atmosphere are given by :
where G, ∆G represent respectively the angular momentum of the rigid Venus and its variation due to the atmosphere ∆G = −∆G atm . The angular momentum ∆G atm of the atmosphere can be split into two components :
-The matter term G M which is the product of ω with the inertia momentum of the atmosphere -The current term G w which is due to the wind motions with respect to the frame solidly rotating with the planet From Lebonnois et al. (2010a) we have :
where θ, φ, R V stand respectively for the latitude, longitude and radius of Venus,v θ is the zonal wind and k
is the load Love number of degree 2 (Karatekin et al., 2010) . Here to determine the variations of the angular momentum, two simulations made with the global circulation model (GCM ) of the Laboratoire de Meteorologie Dynamique (LMD) (Lebonnois et al., 2010b) are used and compared. These simulations have been obtained with the LMD Venus General Circulation Model, using conditions similar to those presented in Lebonnois et al. (2010a) , except for the boundary layer scheme. The first simulation (GCM 1) was integrated from a zero wind state and is very close to the simulation published in Lebonnois et al. (2010a) , though the winds in the deep atmosphere (0 to 40 km altitude) are slightly higher, due to the updated boundary layer scheme. The second one (GCM 2) was in- ∆ω ω due to the atmosphere during a 4 venusian days time span for the GCM1 (red curve) and the GCM2 (blue curve). Figure 5 shows the relative variation of the speed of rotation of Venus due to the atmosphere for a 4 venusian days time span (470 d) with the GCM 1 (red curve) and GCM 2 (blue curve). These variations have an amplitude of 1.26 10 −6 peak to peak for GCM 1 and 2.44 10
respectively for GCM 2. For the two models, the large amplitude of ∆ω ω of the order of 10 −6 comes from the current term and depends on winds of Venus whereas the matter term acts on the rotation with an amplitude of the order of 10 −10 . Using the definition of the LOD(t) given in Section 2, the atmospheric contributions to Venus rotational speed correspond to peak to peak variations of the LOD(t) of 27s with the GCM1 and 51s with the GCM2. These values are consistent with the value of LOD(t) of the planet of 7.9s given by Karatekin et al. (2009 Karatekin et al. ( , 2010 , who used the simulation presented in Lebonnois et al. (2010a) . The differences are related to the amplitudes of the zonal winds in the region of maximum angular momentum (10-30 km of altitude), which vary between the different simulations. The most realistic values for these winds are obtained with the GCM 2 simulation, where the winds are close to observational data obtained from the Venera and Pioneer Venus missions (Schubert, 1983) . We compared here the results given by GCM 1 and GCM 2 to give an idea of the uncertainties in our present understanding of the atmospheric circulation and its modeling. In the following, only the values obtained with the model GCM2 will be compared to the other effects as it is thought to be the most realistic. Note that the atmospheric effects are nearly two times smaller than the solid effects described in Section 3.
Core effects on the rotation of Venus
The interior of Venus is probably liquid as inferred from the orbiting spacecraft data (Konopliv & Yoder 1996) . The internal properties of Venus are expected to be like the Earth with a core radius around 3120 km (Yoder 1995) , but with a noteworthy difference because there is no dynamo effect on Venus (Nimmo 2002). In this Section, we investigate the impact of such a core on the rotational motion of Venus and especially on the variation of its LOD(t). For that purpose, we numerically integrate the rotational motion of Venus by taking into account the inertial pressure torque. The equations governing the rotational motion of two-layer Venus are the angular momentum balance for the whole body
and for the core
(Moritz and Mueller 1987) where H, H c are respectively the angular momentum of Venus and of the core (see also e.g. Rambaux et al 2007) . The vector Γ is the gravitational torque acting on Venus. Here, we assume that the core has a simple motion has suggested by Poincaré in 1910 and we neglect the core-mantle friction arising at the core-mantle boundary. Then, the rotational motion of each layers of Venus is integrated simultaneously with the gravitational torque due to the Sun acting on the triaxial figure of Venus. The orbital ephemerides DE421 (Folkner et al., 2008) are use for the purpose.
First we double-checked the good agreement between the numerical and the analytical solutions given by Eq.(17) for a simplified model of one layer solid rigid Venus case. The very small differences obtained (at the level of a relative 10 −10 ) may result from the use of different ephemerides (DE421 for the numerical approach and VSOP87 for the analytical one). Then we applied the procedure for the two layers case. As the moments of inertia I c of the core are not yet constrained by measurements, we used internal models (Yoder, 1995) for which I c is taken from 0.01 to 0.05, according to the size of the core. Notice that the flattening of the core is scaled to the flattening of the mantle by the assumption that the distribution of mass anomalies is the same. Table 2 shows the new amplitudes of ∆ω ω for the 4 main oscillations with arguments 2L s − 2φ, 2L s − 2φ + M, 2L s − 2φ − M, 2φ and with corresponding periods 58.37d, 46.34d, 78.86d, 121.51d. The presence of the fluid core allows a differential rotation of the mantle and of the interior of the planet. As a consequence in first approximation the mantle is decoupled from the interior and presents amplitude of libration larger than in the solid case. The amplitude of the libration increased with the size of the core. At maximum, for I c = 0.05, we obtain an increase in the oscillation of 2L S − 2φ of 17% corresponding to a variation of +20.4s. Figure 6 shows the relative variation of the speed of rotation of Venus due to the core during a 4 venusian days time span with I c = 0.05 (red curve) and I c = 0.01 (blue curve). These variations have peak to peak amplitudes respectively of 1.7 10 −7 and 9.7 10 −7 . Using the definition of the LOD(t) given in Section 2, the core contributions to Venus rotational speed correspond to peak to peak variations of the LOD(t) between 3.6s and 20.4s. Although the core effects on the rotation of Venus increase with the core size, they are smaller than the solid and atmospheric effects. Indeed, when I c = 0.05 the core effects are respectively nearly two and six times smaller than the atmospheric and solid ones.
Comparison and implication for observations
The variations of the rotation of Venus presented in this paper are quasi-periodic and mainly due to three kinds of effects: solid, atmospheric and core. Compared to them, the zonal potential has a negligible influence. Finally ω(t) can be written in the form:
where ω i , ρ i and a s,i , a c,i (see Table 3 ) are the frequencies, the phases and the corresponding amplitudes of the variation of rotation of Venus due to the solid and the core, and ω j , a a,j (see Table 4 ) those due to the atmosphere. The atmospheric coefficients as well as their periods have been obtained from a fast fourier transform (FFT) where ρ j are the phases. Note that the power spectrum of the atmospheric variation is complex and can vary significantly from one model to another. As a consequence, only the most important frequencies are shown for the GCM 2 model in Table 4 . 121.80d 2φ 6.12 10 −9
2.1 10 −10 < ac < 1.1 10 −9 Table 3 . Variation of ∆ω ω due to the solid and core effects.
Comparing the amplitudes given in Tables 3 and 4 , we see that the most important effect on the rotation rate of Venus is due to the solid potential exerted by the Sun on its rigid body. If all effects are taken into account, the variations of the LOD(t) can reach 3mn which could be observable in the future.
As most past studies used infrared imaging of the surface to measure the evolution in time of the longitude of 3.14 40.6d
1.28 10
0.0061 79.5d
1.21 10 −7
1.64 Table 4 . Variations of ∆ω ω due to the atmosphere effects modeled by GCM 2. reference points φ 1 at Venus surface, let us consider how this variable behave in our model. Asφ 1 ≈ ω(t) we have
∆ωdt.
(29) Fig.7 shows the variations ∆φ 1 during four venusian days time span, caused by the combined effects of the solid, the core and the atmosphere modeled by the GCM2. Like the variations of the rotation rate, these variations are periodic with a peak to peak amplitude reaching 12 m (time differences are converted in distance at the surface). In precedent studies that measured the mean rotation rate of Venus, these variations where neglected. This implied fitting the measurements of the phase angle φ 1 with a line of constant slope, this slope giving the mean rotation rate. Because the variations of the rotation rate discussed above are not negligible, we show in the following that this approach can yield large errors on the derived value ofω, especially for a short interval of time. Similarly to Laskar and Simon (1988) let us consider the error made on the mean rotation rate when fitting the signal given by Eq. (29), keeping only the most important frequency for simplicity, by a function of the type :
over a time span [t 0 , t 0 + T ]. For a least square fitting procedure, the residual is given by :
(31) where A and ω 1 = 2π 58 rd/d correspond respectively to the larger amplitude of Eq. (29) and its corresponding frequency. Minimizing this residual yields
We can see that ω obs depends on both the time of the first observation (t 0 ) (i.e phase) and interval (T ) between observations. If the phase of the effect is unknown, the max error made on the mean rotation rate is given by : (Davies, 1992) on the rotation of Venus.
As we can see, even if the mean angular velocity is retrieved for long baseline observations, the error yielded by the linear fit can be large for short duration observations. In addition, the use of such a simple model for φ 1 prevents any measurement of the amplitude of the variations detailed in this paper. To measure the amplitude of these variations, modeling ω and φ 1 with Eq. (28) and Eq. (29) respectively during the data reduction is necessary.
As the most important effect is due to the torque of the Sun on the Venus rigid body with a large amplitude on a 58d interval, it could be interesting to substract the measured signal by a fitted sinusoid of this frequency. The direct measurement of the amplitude of the sinusoid would give information on the triaxiality of Venus at 3 to 17% of error because of the core contribution.
To disentangle atmospheric effects, a multi frequency analysis of the data will be necessary. Indeed after having determined the larger amplitude on 58d as explained previously, it could be substracted to the analysis. Then as the atmospheric winds (described by Eq. (25)) are the second most important effects on the rotation of Venus, the residuals obtained could constrain their strength. In parallel it should be interesting, also, to fit the signal obtained by a sinusoid on the period of 117d because only the atmosphere acts on the rotation with this periodicity. Note that this period is also present when using an alternative atmospheric model GCM 1 (Lebonnois, 2010a) . So the corresponding amplitude could directly give indications on the atmospheric winds. Fitting the signal with additional sinusoids with other periods given in Table 4 could also increase the constraints.
At last, as the core has not the same contribution on each period presented in Table 3 , fitted the signal by Eq.(28) (or by Eq. (29)) could confirm the presence of a fluid core. Of course, such a detection is possible only if the precision of the measurements is of the same order of magnitude than the core effects and if the atmospheric effects which add noise in the signal are better modelled in the future.
Many values of the mean rotation of Venus have been estimated since 1975. Fig.9 shows all these values as well as their error bars. The latter value of 243.023 ± 0.001d has been recently estimated from Venus express VIRTIS images (Mueller et al., submitted paper 2010) . The dotted lines represent variations of 0.00197d around mean value of 243.020 ± 0.0002d (Konopliv et al., 1999) caused by solid, atmospheric (GCM 2), and core (I c = 0.05) effects presented in this paper. Note that the value of Davies et al. (1992) set to 243.0185±0.0001d has been recommended by the IAU (Seidelmann et al., 2002) .
As we can see from Fig.9 :
-the variations of the period of rotation (0.00197d) presented in this paper are consistent with most of the mean rotation periods measured so far. -if the true mean value of the period of rotation of Venus is close to the IAU value, the variations cannot explain the most recent value obtained by VIRTIS (Mueller et al., submitted paper 2010) . Indeed, the difference between them of 7mn implies larger variations.
The different values of the rotation of Venus since 1975 could be explained by the variations of 0.00197d due to the solid, atmospheric and core effects. Despite the fact that the value of Davies et al. (1992) has been recommended by the IAU because of its small published error bars (±0.0001), its large difference with the recent VIRTIS value (7mn) and the other measurements, is not in agreement with the variations presented in this paper. It seems difficult to explain these large variations, which would imply an increase of more than 50% of the effects discussed here, with the current models. So it would be interesting to compare in detail the different rotation rate measurement methods and to determine with a better accuracy the mean value of the rotation of Venus.
Conclusion
The purpose of this paper was to detemine and to compare the major physical processes influencing the angular speed of rotation of Venus. Applying different theories already used for the Earth, the variation of the rotation rate as well as of the LOD was evaluated. Applying the theory derived from Kinoshita (1977) , the effect of the solid potential exerted by the Sun on a rigid Venus was computed. Considering in the first step that the orbit of Venus is circular, we found that the variations of the rotation rate have a large amplitude of 2.77 10 −6 with argument 2L s − 2φ (58d). Taking into account the eccentricity of the orbit adds periodic variations with a 10 −8 amplitude. On the opposite of the Earth, as Venus has a very slow rotation, the solid potential has a leading influence on the rotation rate which corresponds to peak to peak variations of the LOD of 120s
Considering Venus as an elastic body, we then evaluated the impact of the zonal tidal potential of the Sun. These variations correspond to peak to peak variations on the LOD of 0.014s which are very small with respect to the contributions of the solid effect.
Then we computed the effects of both the core and the atmosphere (modeled by two different simulations of the LMD global circulation model). According to our computation the atmospheric and core contributions to Venus rotational speed correspond to peak to peak variations of the LOD of 25−50s and 3.5−20.4s respectively at different periods. Despite its thickness, the impact of the venusian atmosphere modeled by our most realistic simulation on the rotation is 2.4 times smaller than the contribution of the solid torque exerted by the Sun. The variations of the LOD due to the core, which increase with its size, are still smaller.
At last we have shown that the variations of ω and R V φ 1 which reach 3mn and 12m respectively, need to be taken into account in the reduction of the observations. Ignoring these variations could lead to an incorrect estimation ofω. With the steadily increasing precision of the measurements, carrying a frequency analysis of the data modeled by either Eqs.(28) or (29) will hopefully enable to put physical constraints on the physical properties of Venus (triaxiality, atmosphere, core).
To conclude, the variations shown in this paper, would explain different values of the mean rotation of Venus given since 1975. The difference of 7 mn between the IAU value (243.0185, Davies et al., 1992) and the VIRTIS one (243.023 ± 0.001, Mueller et al., submitted paper, 2010) implies larger variations, not found here, probably due to systematic errors in the measurements of the rotation. In view of these new results and the recent study of Mueller et al. (submitted paper, 2010) , it would be interesting to compare the different methods of measurement of the rotation of Venus, to identify the error sources with a better accuracy and to revise the value of the mean rotation. (Kinoshita, 1977) . The influence of the angle J = 0.5
• on the rotation with amplitudes of ≈ 10 −9 is smaller than the leading coefficients seen in Eq.(17) by three orders of magnitude and than the influence of the eccentricity of Venus by one order of magnitude. As J is probably much smaller than 0.5
• as it is the case for the Earth (1"), its influence on the rotation can be neglected with respect to the other effects taken into account in this paper.
